Abstract: The present paper deals with an estimation of the water quality of the Struma river. Long-term trends, seasonal patterns and data set structures are studied by the use of statistical analysis. Nineteen sampling sites along the main river stream and di¬erent tributaries were included in the study. The sites are part of the monitoring net of the region of interest. Seventeen chemical indicators of the surface water have been measured in the period 1989 { 1998 in monthly intervals. It is shown that the water quality is relatively stable throughout the monitoring period, which is indicated by a lack of statistically signi cant trends for many of the sites and by chemical variables. Several seasonal patterns are observed at the sampling sites and four latent factors are identi ed as responsible for the data set structure.
Introduction
The Struma river is located in the southern part of Bulgaria. It runs from north to south and has a length of 290 km to the Greek border. The stream length from that point to the Aegean Sea is about 110 km. The total catchments area is nearly 10,250 km 2 within ¤ E-mail: vsimeonov@chem.uni-so a.bg
Bulgaria and the Vitosha Mountain and the Rila, Pirin and`surrounding' mountain ranges form it. Being a cross border river Struma basin is of substantial importance for both countries. That is why the careful monitoring of the water quality in long-term or short-term time periods at di®erent sampling sites is not only an ecological but also a political issue. Similar studies for the Yantra river [1] [2] [3] have indicated that very useful information can be extracted from the data collected in the monitoring period.
In Fig. 1 a presentation of the Struma°ow in the Bulgarian territory is given along with the location of the sampling sites from the Struma river monitoring network controlled by the Ministry of Environment and Waters. As seen the monitoring system involves many sites where regular testing of the water quality is performed { on daily, weekly or monthly basis.
The industrial and agricultural activity in the region of the Struma river is relatively high. The population within the basin totals some 532,000 (6.47% of the population of Bulgaria) with nearly 300,000 (71%) in urban areas. The main towns of over 20,000 population are: Pernik, Blagoevgrad, Kjustendil, Dupniza, Petrich and Sandanski.
As far as the land use is concerned some 29,700 ha. of land is under irrigation and the natural conditions in this region are favorable for growing vegetables, fruits, tobacco, cotton and almonds.
The water in the region is used for production of electricity and irrigation. Electricity is generated at power stations (\Kalin", \Kamenitza", \Pastra", \Rila", etc.) in some of its tributaries.
There are several uncompleted irrigation systems: \Dolna Dikanja-Kovachevzi-Radomir" schemes that are intended to use water from the reservoir \Pchelin", \Ddyakovo-Dupnitza" scheme, that should use waters from the reservoir \Dyakovo". At present an irrigation system \Pirinska Bistrica" is in process of reconstruction and modernization.
Due to regular monitoring a substantial amount of analytical data is already available, but there is still a lack of summarizing studies taking into account all aspects of the river system and extracting all possible information from the data sets. Of course, some of the analytical records are not complete; in the data set one could detect missing data or unmeasured cases. The only way to reach a new level of information concerning the water quality is the application of multivariate statistical methods (chemometrics and environmetrics).
In the case of the Struma river it is of substantial importance to detect trends in the concentrations of the major chemical constituents determined in the monitoring net as well as to reveal the seasonal behaviour of the components and identify possible sources of pollution. The aim of the present study is to¯nd out and explain all these multivariate statistical parameters. 
Sampling and chemical analysis
The location of the sampling sites delivering the data is indicated in Fig. 1 . Nineteen sites were chosen covering almost completely the river stream from its spring down to the Greek border. The period of observation for the region of interest was 10 years (1989 { 1998). The chemical indicators involved were: pH, dissolved oxygen, BOD5 (biological oxygen demand), COD (chemical oxygen demand), conductivity, acidity, dissolved matter, non-dissolved matter, total hardness, chloride, sulfate, ammonium, nitrate, nitrite, iron, magnesium, calcium. The chemical analysis performed includes standard analytical methods as routinely applied in the control laboratories of the monitoring net. Potentiometry, titrimetry, gravimetry, and spectrophotometry are the standard analytical methods widely used in surface water quality analysis especially for major indicators like those mentioned above. The sample preparation and sample measurements are described in detail elsewhere [4] .
Statistical analysis
For trend analysis weighted annual average values from di®erent sampling sites for chemical observation of major parameters in the water of the Struma river were accumulated. Trends in the substance concentrations were evaluated using least-square regression approach and statistical testing of the regression coe±cient signi¯cance after estimation of the standard error of the coe±cient value at p < 0:05 and p < 0:01 and respective estimation of the residuals by F -test. The correlation coe±cient r was also calculated as a measure for trend signi¯cance [5] . For any case of chemical component determined at a given sampling site the predicted values for substance concentration with respect to the linear regression analysis were determined.
Until recently the mathematical methods of time-series analysis (TSA) in the environmental sciences have only been used quite rarely; the methods have mostly been applied in economics. The mathematical fundamentals of time-series analysis are mainly described in various books and papers dealing with statistics and econometrics [6] [7] [8] [9] [10] .
In general, time-series analysis has the following main purposes: 1. display of the series; 2. preprocessing of data; 3. modeling and description of the series; 4. forecasting with suitable models; 5. control of predicted data.
Usually, the¯rst step in the time-series analysis is drawing a data plot, which gives an idea of the shape of the time-series. It may properly display periodicity, trends,°uc-tuations and outliers. In the next step it is convenient to construct, if necessary, the seasonal sub series plots to get additional information on seasonal°uctuations. Stripping away random°uctuations are achieved by smoothing the series or by¯ltering the periodicities. Thus, a short-term forecast is possible with a memory of the last values of the series. In this case simple moving average, exponential smoothing, seasonal di®erencing, cumulative sum (CUSUM) technique and seasonal decomposition are applied as modeling methods. Regression and correlation techniques are also known in TSA. In the present study the input data for all tested indicators and for all sampling sites with long enough period of monitoring (at least 60 consecutive months of observation) were treated in such a way as to obtain seasonal decomposition.
Only¯ve sampling sites are considered since only they ful¯ll the requirement of extended period of observation for TSA.
The seasonal e®ects were determined by the use of the additive model:
where l(t) is the level component with smoothing parameter ¬ m(t) is the trend component with smoothing parameter sea(t) is the seasonal component with smoothing parameter ® e(t) is the error of the model. The constants for the level component, for the trend and seasonal component must lie within the interval between 0 and 1. The constants ¬ , and ® are optimized by stepwise variation and were, respectively 0, 0 and 0.5.
The software package applied was STATISTICA 5.0. Cluster analysis (CA) and principal components analysis (PCA) were used for multivariate statistical modeling of the input data [11, 12] . The main goal of the hierarchical agglomerative cluster analysis is to spontaneously classify the data into groups of similarity (clusters) searching objects in the n-dimensional space located in closest neighborhood and to separate a stable cluster from other clusters. Usually, the sampling sites are considered as objects for classi¯cation, each one determined by a set of variables (chemical concentrations). It is also possible to search for links between the variables turned to objects of classi¯cation. In order to achieve this a series of procedures is necessary:
1. Normalization of the raw input data to dimensionless units in order to avoid the in°uence of the di®erent range of chemical dimensions (concentration); 2. Determination of the distance between the objects of classi¯cation by application of some similarity measure, e.g. Euclidean distance or correlation coe±cient; 3. Performing appropriate linkage between the objects by some of the cluster algorithms like single, average or centroid linkage; 4. Plotting the results as dendrogram; 5. Determination of the cluster signi¯cance by 0.33 D max or 0.66 D max criterion 6. Interpretation of the clusters both for objects and variables.
Using cluster analysis one could display the object similarity in a reliable way to make the initial interpretation of the data set structure. But a more reliable display method proves to be PCA. It enables the reduction of the dimensionality of the space of the variables in the direction of the highest variance of the system, new variables being linear combinations of the previous variables, replacing the old coordinates of the factor space. The new coordinates are called latent factors or principal components [12] . The interpretation of the new factors is the main goal of the chemists since they deliver useful information about latent relationships within the data set. The results are indicated by two sets { factor scores giving the new coordinates of the factor space with the location of the objects and factor loadings informing on the relationship between the variables.
Only statistically signi¯cant loadings (> 0:70) are important for the modeling procedure.
The new principal components (latent factors) explain a substantial part of the total variance of the system for an adequate statistical model. Usually, the¯rst principal component (PC1) explains the maximal part of the system variation and each additional PC has a respective contribution to the variance explanation but with less signi¯cance. A reliable model requires normally such a number of PCs, so that over 75 % of the total variation can be explained. In our modeling we have applied the Varimax rotation mode of PCA that allows a better explanation of the system in consideration since it strengthens the role of the latent factors with higher impact on the variation explanation and diminishes the role of PCs with lower impact.
In order to understand the contribution of each latent factor to the total mass of the chemical components in the surface water an apportioning model is o®ered. The source apportioning follows the approach of Thurston and Spengler [13] that uses multiple regression of the total mass on the absolute principal components scores (APCS) obtained by the performance of PCA.
Results and discussion
The input data (annual mean values of the concentrations) are available on request by the authors for nineteen sampling sites and 17 parameters of the surface water. The summary basic statistics of the input data is presented in Table 1 .
Trend analysis
The summarized results from the least-square linear regression analysis for the time interval in consideration (1989 { 1998) are presented in Table 2 . Only statistically signi¯cant trends are discussed in the Table. It is interesting to note that the physical indicators of the surface waters (color and smell) that were also measured (in relative units) throughout the monitoring did not show any trend at any of the sites. They obviously do not posses enough information weight to be used in further seasonal or data-structure studies.
For 9 out of 19 sites pH reveals a non-signi¯cant trend. For a group of sites (293, 296, 297, 298 and 299) the trend is statistically signi¯cant: at two of the sites pH is increasing while for the other three pH is decreasing. The dynamic range of pH values for the sites mentioned is probably related to their location in the neighborhood of anthropogenicallyin°uenced regions (near to the towns Pernik and Zemen). Another group of sites (123, 400 { 403) also indicates a decreasing trend of pH. The sites in consideration are tributaries of the Struma like Djerman (near the town of Dupnitsa), Sandanska Bistritsa (near to town of Sandanski), Kustendilska (near to town of Kustendil) and Elishnitsa. Again, a slight acidi¯cation e®ect is found due probably to anthropogenic wastes. Site 123 is close to Simitli village where possible acidifying wastes can contribute to decreasing pH.
A non-signi¯cant trend is found for almost all sampling sites in regard to the dissolved Signi¯cant trends in conductivity are seen at 11 out of 19 sites. The signi¯cance in the trend is in some cases linked to increase (6 sites) and to decrease (5 sites) in conductivity. The increase is more characteristic for sites located near settlements with possible pollution sources and the decrease is related to locations near clean areas far from the anthropogenic impact.
Considering the parameters BOD5 and COD one can¯nd domination of non-signi¯cant trends. The signi¯cant cases for BOD5 show either trends of increase (120, 127, 296, 399, 400) or decrease in BOD5 levels (122, 297, 298, 299). In the¯rst group of sites the role of the tributaries is shown again. Probably, they accumulate more pollution that is inserted into the main stream. Then a process of dilution and self-puri¯cation starts (the second group of sites indicate this process) and the BOD5 and COD content decreases.
The trends with respect to dissolved substances and suspended solids are non-signi¯cant in most of the cases. Both parameters are related to seasonal events. In a few occasions the trend is decreasing which may mean that as a whole a process of self-puri¯cation is at hand. When typical chemical indicators are treated with respect to the water quality, a speci¯c pattern is observed. For chloride only 4 out of 19 sites possess a signi¯cant trend: site 124 (a site near to the Greek border) with a trend of decrease and site 301 (river Strumeshnitsa) with a trend of increase. For sites 401 and 403 the total number of observations for chloride concentration is much less that the whole period of monitoring due to technical reasons though a trend of increase is found. It con¯rms in some way the assumption that the inlets introduce more polluting species in the main stream, which undergoes self-puri¯cation processes.
The sulfate ion concentrations indicate a statistically signi¯cant trend for 3 out of 19 sites. For sites with increasing trend (127, 296) the situation is typical for anthropogenic sites close to the larger towns of Pernik and Blagoevgrad since the trend of decrease is found for a tributary (Djerman river).
The situation is quite similar for the trend in ammonium ion concentrations (5 out
No tendency is found for the nitrite ion concentration. One could assume that this chemical variable is not so informative in our trend study and can be eliminated for largescale studies. Only sporadic events obviously could contribute to nitrite concentration changes along the Struma river.
Five out of nineteen sites reveal signi¯cant trends for nitrate concentration changes. Again, for the urban sites like the border area (site 124), Blagoevgrad (site 127, a large town) and the Kustendilska river (site 400) the trend is increasing. For the more remote sites 401 and 298 the trend is decreasing.
The concentrations of metal ions indicate some interesting tendencies. Unfortunately, the monitoring of calcium and magnesium as separate chemical indicators began only recently and no reliable data are available for serious trend study. Nevertheless, even a limited data set for Ca and Mg gave some preliminary information: a decreasing trend for both ions at sites 401 and 403. A much better tendency could be seen for iron with signi¯cance of the trend at 5 sites, mainly decreasing even for urban sites. The only increasing trend is observed for site 296 close to the industrial town of Pernik.
Measurements of \water hardness" indicated the same problems as calcium and magnesium ions { a limited data set with missing data. The only two sites with signi¯cant trend for hardness (both showing decreasing tendency) are 401 and 403 (river inlets).
Time-series analysis
The sampling sites cover all varieties of the sampling pattern in the area of the Struma river basin { rural (124), urban (294), tributary (403, 401) and background (293). The monitoring at these sites allows the performance of time-series analysis with respect to the seasonal decomposition of the data sets.
The results can be summarized in the following way: Site 124 (rural): Winter maximums in the concentration values are typical for dissolved oxygen (January), dissolved substances (November), sulfate (November), chloride (October) and ammonium (October); summer maximums are found for pH (July), COD (June), BOD5 (July), suspended solids (July), calcium (June), magnesium (June), total hardness (June), iron (June), nitrate (July), nitrite (July) and free acidity (June). This pattern corresponds, in principle, to some seasonal events like enhanced agricultural activity at the end of the summer period when larger amounts of fertilizers are used or decreases in the water level in the high summer leading to relative increases of some concentrations.
Site 294 (urban): This site is located near to the industrial town Pernik and reveals some di®erent seasonal behaviour with respect to winter and summer maximums in the chemical concentration levels. The winter maximums are typical for species related to anthropogenic activity like ammonium (January), nitrate (February), nitrite (December), iron (January), COD (March), BOD5 (February), free acidity (February), pH (March) and dissolved oxygen (March). In the summer period maximums can be detected for calcium (June), magnesium (July), total hardness (August), dissolved substances (August), suspended solids (September), chloride (September), sulfate (August). Obviously, in such a region the water quality is substantially in°uenced by the anthropogenic activity to form seasonal patterns with domination of higher levels of anthropogenically in°uenced species in the winter season and increases of levels for more naturally occurring parameters during the summer period.
Sites 401 and 403 (inlet sites):
In the previous trend study special attention was paid to tributary sites where the increase of wastes carried by the tributaries to the main stream are presumed to take place. Thus, a similar seasonal pattern for these sites could be expected. Although there are some di®erences, it may be stated that sites 401 and 403 reveal similar summer and winter peaks in the values of the indicators of water quality. For instance, both sites show winter maximums in pH, BOD5, COD, free acidity and nitrates although in di®erent months. Summer maximums are typical for calcium, magnesium, total hardness, and dissolved substances and suspended solids. In this respect the tributary sites resemble the seasonal pattern of the urban site 294. The other indicators { sulfate, chloride, ammonium, nitrite, iron and dissolved oxygen showed di®erent behaviour for the di®erent sites and do not belong to a certain seasonal pattern. Again, anthropogenic and natural in°uences could be taken into account to explain some of the peaks, e.g. for site 401 increased summer concentrations are found for nitrite, iron and dissolved oxygen and increased winter concentrations for sulfate, chloride, ammonium. For site 403 the winter season is linked to higher values of ammonium, iron, and dissolved oxygen and the summer peaks are in sulfate and ammonium. Obviously, some local events play an important role in the determination of the tributary water quality.
Site 293 (background): This site is actually the Struma river spring and according to water quality standards should be less in°uenced by anthropogenic factors. Indeed, it seems that mainly natural in°uences determine the seasonal pattern in this case. In the summer period the lower water level causes concentration peaks for sulfate, nitrate, nitrite, calcium, magnesium, total hardness, iron, chloride, free acidity, dissolved oxygen, COD, BOD5, dissolved substances and suspended solids. Winter peaks are observed only for pH and ammonium. Thus, the background site resembles the rural site already being in consideration.
Cluster and principal components analysis
The clustering procedure (Ward's linkage algorithm, squared Euclidean distance as similarity measure) has lead to the formation of the following signi¯cant and stable clusters with respect to the nineteen objects (sampling sites; in this case each site is presented by the average chemical concentration of each variable over the whole period of monitoring):
K1 ( It may be concluded that the groups of similarity are formed mainly according to the site separation in several categories: rural (K1), urban (K2), inlet (K3) and background (K4) sites. It is obvious that the water quality is related to certain extent to the site location. An important consequence could be a certain reduction of the sites along the river stream if there is a clear objective of the location characteristics. It seems much more important to organize several well-equipped and monitored sites from the categories (patterns) \urban", \rural", \inlet" and \background" instead of distributing many sites with similar pattern of quality. This suggestion has to be con¯rmed with a more complete monitoring data set obtained without any lack of analytical data for several years. Probably, the in°uence of di®erent anthropogenic and natural factors on the water quality is related to typical wastes (e.g. waste waters coming with the tributaries or after active agricultural activity etc.) or seasonal changes in the water level (especially for rural sites where no serious anthropogenic contribution is expected).
The cluster analysis of the sixteen variables indicates the formation of four signi¯cant groups of similarity: K1 (dissolved matter) K2 (sulfate, calcium, suspended matter, COD) K3 (magnesium, chloride, free acidity, BOD5) K4 (iron, nitrite, nitrate, ammonium, hardness, dissolved oxygen, pH) The linkage of certain chemical components is probably due to the correlation between them and it is indication for the existence of several reasons of similarity. These reasons will be commented after presentation of PCA results.
In principle, PCA con¯rms the clustering of the variables as shown in factor loadings table.
Four latent parameters (factors or principal components) explain a substantial part of the total variation of the set (the explained variance is about 79 %). The¯rst factor could be conditionally named \anthropogenic". It consists of chemical components that are related to products from anthropogenic activity like dissolved oxygen, BOD5, free acidity, suspended matter, chloride, ammonium, and sulfate. The signi¯cance of this latent parameter for the water quality is quite high as it explains over 30% of the total variance of the system. The second latent factor is probably of natural origin and is conditionally named \water hardness". It contains all chemical parameters that are responsible for the water hardness like calcium, magnesium and the parameter total hardness itself and, additionally, dissolved matter. The third latent factor is related mainly to the nitrite and nitrate concentrations and to the iron content as well as to the chemical oxygen demand (COD). This factor is named \biological" since the parameters mentioned are dominantly linked to biological activity. The last factor is conditionally named \acidity" and is related to the pH value of the water. After estimation of the factors responsible for the data structure, an apportioning procedure is carried out to evaluate the contribution of each possible source to the total mass of the surface water. The modeling was performed according to the apportioning approach of Thurston and Spengler where the total mass of the sample is distributed between the sources identi¯ed by PCA (four in this case) after multiple linear regression of the total mass on the absolute principal components scores from the PCA. More or less, the apportioning re°ects the weight of each latent factor on the sample mass. Thus, it is possible to determine the impact of di®erent factors, both anthropogenic and natural, on the surface water quality. In Table 4 the results of the source apportioning are presented. Table 4 Source apportioning results (in % contribution).
It is readily seen that the contribution of each latent factor to the portion of the mass for each chemical parameter is di®erent according to the di®erent impact of the source on the concentration. For instance, the chloride concentration is distributed between the anthropogenic factor (88.1 %) and the biological factor (11.9 %), but the anthropogenic impact is much higher. Similar conclusions could be made for any chemical parameter involved in water quality.
In the last column of the table the multiple correlation coe±cient r 2 is presented (calculated between the experimentally found values and calculated by the regression model values of the total mass). It gives an idea about the adequateness of the respective models for each of the chemical parameters. The non-signi¯cant coe±cients are underlined. As a whole the most of the models are statistically adequate and can be used for predictive purposes.
Conclusion
There is clear evidence that the Struma river water quality indicators undergo typical changes in the period of monitoring (1989 { 1998), which do not in°uence dramatically its general water quality characteristics. As a whole the lack of signi¯cant trends for most of the chemical indicators and for most of the sampling sites is an important indication for the stability of the water quality. However, the organization of the monitoring net and the data collection require more e®orts in order to get reliable data sets with good data quality. The relative stability of the water quality throughout the long-term observation period is subject of changes within certain time periods for certain indicators and sites. As it can be expected the typical urban sites where the anthropogenic activity is higher show in many cases various tendencies (site 127 near the town of Blagoevgrad or site 124 near the Greek border) related to large numbers of chemical indicators (six or seven). But it is quite di±cult to accept thoroughly the hypothesis that one can distinguish a typical \urban pattern" for the water quality in the region of interest. The tributary sites (399, 400, 401, 402, 403, 299, and 126) are characterized with higher dynamics of the water quality and it may be stated that a \tributary pattern" is formed with statistically signi¯cant trends of many chemical indicators. Probably, seasonal and local events play a major role in this behavior linked to collections of waste within a smaller water volume. It is also hard to detect a typical \rural" or \clean" pattern for sites that are neither urban nor tributaries. Some of the assumed \clean" sites (122, 123, 293) show indeed stability of the water quality and signi¯cant trends for only one to three chemical indicators. Others, however (sites 297, 298) are characterized with higher dynamics of indicator changes.
Therefore, the trend study is an important indication for the stability of the Struma river water quality and makes it possible to select regions of the main stream and the tributaries which are more easily in°uenced by seasonal or sporadic local events.
Although it is quite di±cult to expect speci¯c seasonal patterns in the water quality of a large river system, some conclusions could be derived from the present study.
The rural sites lend toward seasonal patterns including winter maximums in the concentration values for dissolved oxygen, dissolved substances, sulfate, chloride and ammonium re°ecting the late autumn agricultural activity and summer maximums for pH, COD, BOD5, suspended solids, calcium, magnesium, total hardness, iron, nitrate, nitrite and free acidity corresponding to the decrease in the water level leading to e®ective concentration increase.
For the urban sites winter maximums are probably typical for species related to anthropogenic in°uence like ammonium, nitrate, nitrite, iron (January), COD, BOD5, free acidity, pH and dissolved oxygen while in the summer period maximums can be detected for calcium, magnesium, total hardness, dissolved substances, suspended solids, chloride and sulfate resulting from lower water levels.
The tributary sites are subject to waste waters and their seasonal pattern. It may be said that the water quality indicators possess a local speci¯city. Resemblance both to rural and urban sites could be found depending on the speci¯c location of the tributary sites. Again, anthropogenic and natural in°uences could be taken into account to explain some of the seasonal peaks.
Finally, the pattern of the background sites is in°uenced only by natural factors and in this case the changes of the water level play a substantial role in the seasonal behaviour in the water quality.
The multivariate statistical modelling of the data set has indicated that the sampling stations could be clustered in groups of similarity according to four main patterns: rural, urban, inlet and background sites. These results may indicate that the organization of the monitoring requires, on one hand, involvement of any type of sites and, on the other, that the total number of sites can be reduced if enough representative sites are kept for the four main patterns.
Four latent factors are responsible for the data set structure. These factors are conditionally named anthropogenic, water hardness, biological and acidic. Their con¯guration is proved both by cluster and by principal components analysis.
The source apportioning indicated the extent to which chemical concentrations in the surface water are in°uenced by anthropogenic, acidic and natural factors. In most of the cases the mass formation is a function not only of acidic but also of more anthropogenic or natural factors.
The surface water quality in the Bulgarian region of the Struma river stream and the respective tributaries, therefore, depends on several statistically signi¯cant factors as follows:
1. Sampling site location: rural, urban, inlet or background position; 2. Relationship between the chemical variables leading to the formation of four latent factors determining the data structure: anthropogenic, water hardness (natural), biological and acidic; the last two factors could be considered as anthropogenically in°uenced; 3. Quantitative distribution (apportioning) of the chemical concentrations between the latent factors indicating the origin of the chemical variables { anthropogenic and natural. The application of multivariate statistical approaches to the monitoring data made it possible to collect new types of information about sampling and chemical constitution of the water phase.
